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Abstract
All animals are ecosystems, home to diverse microbial populations.
Animal-associated microbes play important roles in the normal development and physiology of 
their hosts, but can also be agents of infectious disease. Traditionally, mice have been used to 
study pathogenic and beneficial associations between microbes and vertebrate animals. The 
zebrafish is emerging as a valuable new model system for host-microbe interaction studies, 
affording researchers with the opportunity to survey large populations of hosts and to visualize 
microbe-host associations at a cellular level in living animals. This chapter provides detailed 
protocols for the analysis of zebrafish-associated microbial communities, the derivation and 
husbandry of germ-free zebrafish, and the modeling of infectious disease in different stages of 
zebrafish development via different routes of inoculation. These protocols offer a starting point for 
researchers to address a multitude of questions about animals’ coexistence with microorganisms.
I. Introduction
No animal is ever truly alone, but instead each lives in constant association with single-
celled microorganisms. Bacteria, Archaea, fungi, single-celled eukaryotes, and viruses are 
present both in and on the body from birth to death. These organisms have a spectrum of 
interactions with their hosts, ranging from beneficial contributions to host development and 
physiology to harmful infections. For example, beneficial microbes contribute unique 
enzymatic activities required to break down ingested food and make the caloric content 
accessible to the host. Additionally, mutualistic microbes promote the development of the 
digestive tract and the immune system. On the other hand, pathogenic microbes cause harm 
to the body, sometimes through the active release of toxins or through invasion and 
expansion in host tissue from which they are normally excluded. It is often tricky to define a 
host-associated microbe as a strict mutualist or a pathogen because the outcome of any host-
microbe interaction can depend on the context of the association, including such factors as 
the microbial ecology and the immune status of the host.
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As a framework to begin to define the functional consequences of a particular microbial 
interaction with a host, and in particular to ascribe the disease-causing capacity of a potential 
pathogen, the eminent founding father of microbiology, Robert Koch, defined a set of 
postulates in 1890 to determine whether a microorganism is the cause of a disease. These 
rules stipulated that:
1. The microorganism must be found in abundance in all organisms suffering from the 
disease, but should not be found in healthy organisms.
2. The microorganism must be isolated from a diseased organism and grown in pure 
culture.
3. The cultured microorganism should cause disease when introduced into a healthy 
organism.
4. The microorganism must be reisolated from the inoculated, diseased experimental 
host and identified as being identical to the original specific causative agent.
Over a century later, these postulates still provide a useful experimental approach for 
infectious disease researchers to establish causation between infection with a microbe and 
symptoms in a host, and have been extended to “molecular Koch’s postulates” to establish 
causation between specific microbial factors and host responses (Falkow, 1988). Such an 
experimental framework is relevant because infectious diseases continue to play a major role 
in the human condition worldwide. Since the discovery of microorganisms as the cause of 
infectious diseases, our ability to control and treat these diseases has advanced enormously 
with the development of sterile practices, vaccines, antibiotic drugs, and intervention 
strategies. However, microbial adaptation and environmental changes continue to trigger the 
emergence of new pathogens, fueling the need for alternative methods for studying 
infectious diseases.
A prerequisite for fulfilling Koch’s postulates is the existence of an animal model that can 
be infected with a microorganism. Traditionally mice have been the workhorse model for 
infectious disease researchers. An emerging model system in this field is the zebrafish, 
Danio rerio. The zebrafish model system offers numerous advantages, including external 
fertilization, large clutches, optical clarity during development, and the rapid development 
of organ primordia (within 5 days postfertilization [dpf]). These advantages first made 
zebrafish attractive to embryolo-gists and developmental geneticists, but the model has since 
been adopted by other fields, including toxicology, immunology, and infectious diseases. 
The model continues to evolve as an effective tool within the field of biomedicine as 
researchers learn to exploit its unique advantages to address their specific questions. Today 
large collections of transgenic zebrafish lines and molecularly defined mutants are available; 
molecular, forward, and reverse genetics techniques have been developed; the zebrafish 
genome project is nearly complete; and compelling human disease models have been 
created. In particular, the zebrafish model is now being used to answer questions about 
infectious disease and immunity (reviewed in Traver et al., 2003; Trede et al., 2004). 
Zebrafish rely solely on the innate immune response for approximately the first 30 days of 
development to protect against pathogen infection (Lam et al., 2004). This temporal 
segregation of innate versus adaptive immune response renders the zebrafish an excellent 
Milligan-Myhre et al. Page 2













model for the study of infectious diseases. Table I, adapted from Kanther and Rawls (2010), 
provides a summary of the infection models that have been established to date in the 
zebrafish.
A. Host–Pathogen Interactions
A number of factors must be taken into account when considering the zebrafish as an 
infection model. The zebrafish supports the growth and replication of a number of fish and 
human pathogens (Table I), but no animal model is suitable for propagation of all animal 
pathogens. When developing an infection model in the zebrafish, a researcher should 
consider questions such as: Can the pathogen be transmitted through the water or must it be 
injected? Is mimicking the natural route of infection essential for the infection model? What 
is the optimal temperature for the pathogen? Does the replication temperature of the 
pathogen match the maintenance temperature of the zebrafish? The maintenance 
temperature of the zebrafish may be varied to accommodate infection by a pathogen with a 
growth temperature range that is either higher or lower than 28 °C. If infection studies are 
initiated to study immune function of the host, the effects of varying the maintenance 
temperature outside of the host’s normal range should be carefully considered. Altering the 
temperature beyond the optimal range for the host may permit infection with a pathogen, but 
will not necessarily reflect the typical homeostasis between host and pathogen. A researcher 
should consider whether the temperature will change the host’s ability to resist or be 
susceptible to infection and whether the immune response to this infection will reflect a 
normal outcome.
Infection protocols presented here were developed to investigate host–pathogen interactions 
via a number of infection routes. With some pathogens, infections can be achieved by static 
emersion of embryos, larvae, or adults, but for many nonindigenous pathogens passive 
exposure does not result in acceptable rates of infection. Systemic infections with bacteria 
and virus can be established by injection of the pathogen into the duct of Cuvier or tail artery 
(Fig. 1b and c). Such models are useful for studying global responses to infection, such as 
cytokine profiles and activation of immune pathways as assayed by quantitative RT-PCR, 
luciferase assays, and respiratory burst assays (Hermann et al., 2004; Nayak et al., 2007; 
Sullivan et al., 2007, 2009). Pathogen injection into the hindbrain ventricle (Fig. 1a) 
typically leads to a contained infection. Localized infection models are useful for tracking 
the movement of neutrophils or macrophages to a site of infection (Davis et al., 2002; 
Phennicie et al.; Prajsnar et al., 2008).
Several genetic tools are available to aid in the study of the immune reaction to infections in 
zebrafish. A number of transgenic zebrafish reporter lines are useful for in vivo studies of 
infections, including those with fluorescent protein–labeled macrophages and neutrophils 
(Ellett et al., 2011; Gray et al., 2011; Lawson and Weinstein, 2002; Mathias et al., 2006; 
Renshaw et al., 2006). Zebrafish lines with immune deficiencies also exist, including loss-
of-function alleles of csf1ra and rag1 (Parichy et al., 2000; Wienholds et al., 2002), which 
lack macrophage and mature lymphocytes, respectively. Antisense morpholinos are 
frequently used to knock down specific immune-related genes transiently, to discern their 
relevance and significance during infection. For example, spic-morpholinos inhibit myeloid 
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development for the first 5 dpf and prevent macrophage and neutrophil development 
(Rhodes et al., 2005; Su et al., 2007). Injection of morpholinos that target myd88 
significantly impairs clearance of Salmonella enterica (van der Sar et al., 2006). Several 
IFN-related genes such as crfb1–8, crfb12–17, ifnph1, ifng1, and infg2 can be targeted for 
knockdown and observed during viral and bacterial infections (Aggad et al., 2009, 2010). 
By taking advantage of the optical clarity of the embryo, these transgenic or mutant lines 
can be used in conjunction with fluorescent protein–labeled pathogens to assist in the 
characterization of host–pathogen interactions.
Several of the protocols outlined in this chapter were developed for infection of zebrafish 
with specific pathogens, including snakehead rhabdovirus, Edwardsiella tarda, or 
Pseudomonas aeruginosa. Adaptation of these protocols to other pathogens will be 
governed by the specific organism under investigation.
B. Host–Microbiota Interactions
As noted previously, Koch’s postulates are useful for establishing causation between a 
putative pathogen or virulence determinant and a disease, but the same logic can be applied 
to investigations into mutualisms between microbes and animals. There are several beautiful 
examples of animal mutualisms in which the presence of a single microbe profoundly shapes 
the development or physiology of an animal host, such as the gut endosymbionts of insects 
and the bioluminescent symbionts of squid (Fraune and Bosch, 2010). Vertebrates, however, 
are typically associated with complex microbial communities (microbiota) that are difficult 
to characterize and often recalcitrant to culture in the lab. With a loosening of the 
requirement for the growth of the microorganism in pure culture, Koch’s postulates can be 
applied to understanding the effects of these complex microbial communities on their hosts. 
The collective effect of the microbial community can be evaluated by the comparison of 
developmental, physiological, and immune markers between conventionally colonized and 
“germ-free” animals (which lack the microbial community). Alternatively, the effects of 
individual or subsets of culturable microbes can be evaluated in monoassociated animals, in 
which a single microbe is introduced into an otherwise germ-free animal, or animals with 
simple, defined microbial communities. Finally the microbiota’s collective effects can be 
approximated by transplantation of microbial communities harvested from one donor host 
into a germ-free recipient host. All together, these experiments can provide powerful 
evidence for the roles of microbial associations in normal animal development and 
physiology.
The mouse has been the traditional animal used in the field of gnotobiology (Greek for 
“known life”), in which the microbial associates of animals are entirely defined. Recently, 
the zebrafish has emerged as a powerful new gnotobiotic model. The ex utero development 
of the zebrafish allows for easy surface sterilization of the embryo’s chorion, facilitating the 
derivation of thousands of germ-free animals at a time. Although we have not yet 
established methods to rear germ-free zebrafish to adulthood, as is possible for germ-free 
mice, recent husbandry advances have resulted in maintenance of germ-free fish through a 
month of age, potentially to the onset of adaptive immunity. Studies of germ-free mice and 
zebrafish have revealed a number of common differences from their conventionally reared 
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counterparts, indicating a conserved vertebrate program of responses to their microbiota. 
These responses are listed in Table II.
This chapter provides the tools for the zebrafish researcher to fulfill Koch’s postulates to 
establish a functional connection between the presence of a microorganism and an effect on 
the host. We will begin by addressing the first postulate of characterizing the microbial 
associates of the zebrafish. We provide protocols for culture-dependent and -independent 
enumeration of associated bacteria from the intestine, but these can be extended to other 
anatomical sites and classes of microorganisms. We then provide protocols for the 
derivation and rearing of germ-free zebrafish, and methods for the generation of zebrafish 
with defined microbial associates. Finally we provide a series of protocols for infecting 
zebrafish at different ages and via different routes with different classes of infectious agents. 
These protocols are designed to provide researchers with the starting point for a diversity of 
experiments. We leave the final analysis of the experiments – the particular methodologies 
of 16S rRNA gene sequence analysis and the endpoint analyses of gnotobiotic and infection 
experiments, including microbiological measurements, pathological assessments, and 
molecular measures of host responses – to the experimenter.
II. Laboratory Protocols
A. Characterization of Microbial Communities in the Gut
Bacterial communities that reside in the vertebrate guts are not homogenous, but include a 
wide taxonomic diversity of organisms. Not all of the organisms are cultivable outside of the 
zebrafish gut, but a good representation of the bacteria present in the gut can be inferred 
from culturing. The choice of media used to culture the bacteria will depend on what 
organisms are targeted for culturing. For a broad idea of what is present, aerobic growth of 
intestinal material on tryptic soy agar (TSA) is sufficient. For isolation of anaerobic bacteria, 
anaerobe plates made with Oxoid Wilkins-Chalgren anaerobe agar and enriched with equine 
blood should be incubated in anaerobic chambers. However, some bacteria are present in 
low numbers, are outcompeted by other organisms due to slow growth rates, or selectively 
grow on media higher in some nutrients. For example, to isolate Fusobacteria, intestinal 
material should be plated on Fusobacteria-selective agar, which contains low levels of drugs 
that will inhibit growth of most Gram-positive and Gram-negative anaerobes, and incubated 
in an anaerobic chamber to enrich for those bacteria. (See Buller (2004) for lists of different 
media used to isolate specific strains.)
1. Gut Dissections
Materials: 
• Insect pins and holders (Fine Science Tools, cat. no. 26002-15, 26018-17)
• 3-5% methylcellulose (viscosity is a matter of preference)
• Glass slides
• 0.4% tricaine in embryonic medium
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• 0.4% tricaine (AKATricaine-S; tricaine methanesulfonate; MS-222; 3-
aminobenzoic acid ethyl ester (Western Chemical, Inc.)):
– 400 mg tricaine
– 97.9 mL H2O
– 2.1 mL Tris 1 M (pH 9.0)
• Adjust to pH 7.0; filter sterilize with 0.22 μm filter
• This can be made ahead of time and stored for long periods at 20° C or for up to 2 
weeks at 4°C
• Sterile embryonic medium (EM, sterilized through 0.22 μm filter; Westerfield, 
2000)
• 200 μL aliquots of sterile EM in 1.5-mL tubes (one per sample)
• Motor and pestle (Pellet Pestle® Motor, Kontes; Pellet Pestle®, Kimble Chase 
Kontes)
(1) Immediately before dissections, anesthetize fish with 2.1 mL 0.4% 
tricaine.
(2) Briefly rinse fish by transferring to a clean Petri dish with sterile EM 
containing tricaine.
(3) On a clean slide, spread a thin layer of 3–5% methylcellulose using a 
sterile glass pipette or sterile wooden stick.
(4) Transfer fish from the rinse medium onto the methylcellulose, 
minimizing the amount of EM carried over. Remove remaining EM from 
the methylcellulose.
(5) Gently press the fish into the methylcellulose to immobilize it during 
dissection.
(6) Dissections:
(a) Insert one pin into the head of the fish and another through the 
mouth, as shown in Fig. 2a. Begin by pulling the lower jaw 
away from the head.
(b) Repeat the process further posterior. Insert one pin into the 
medial trunk of the animal, and the second pin immediately 
dorsal to the intestine. Pull the intestine ventrally with the 
second pin. At this point, the rest of the intestine will often 
begin to slide out of the animal’s body cavity fully intact.
(c) As needed, make additional cuts with the pins to separate the 
intestine from the rest of the body without puncturing the 
intestine. Pull the rest of the intestine out, taking care not to 
stretch it to the point of breaking.
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(d) Depending on downstream application, remove liver from the 
anterior intestine, and remove mouth and esophagus anterior to 
intestinal junction (Fig. 2b).
(e) Use an insect pin to transfer intestines into a 1.5 mL tube 
containing 200 μL sterile EM, PBS, or other solution depending 
on downstream application.
(7) Homogenize intestines with motorized pestle and continue with sample 
preparation depending on experiment. This homogenate can be used to 
prepare genomic DNA for 16S rRNA gene sequencing, or can be plated 
to phenotypically characterize bacterial colonies or determine the colony-
forming units (CFU) of known bacteria in the gut.
2. Plating Gut Microbiota
Materials: 
• Insect pins and holders (Fine Science Tools, cat. no. 26002-15, 26018-17)
• 3-5% methylcellulose (viscosity is a matter of preference)
• Glass slides
• 0.4% tricaine
• 200 μL aliquots of sterile EM in 1.5-mL tubes (one per sample)
• Mortar and pestle (Pellet Pestle® Motor, Kontes; Pellet Pestle®, Kimble Chase 
Kontes)
• Filter-sterilized EM
• Sterilize 1.5 mL snap top tubes
• TSA plates
• Beads
(1) Dissect guts and homogenize with pestles as described above in 200 μL 
of filter-sterilized EM in 1.5 mL snap top tube.
(2) Bring volume in tube up to 1 mL with filter-sterilized EM. Vortex to 
distribute bacterial cells evenly.
(3) Dilute homogenized, vortexed guts in filter-sterilized EM in sterile 1.5 
mL snap top tubes. Most bacteria can be detected on plates diluted 
between 10−1 and 10−4.
(4) Plate bacteria diluted between 10−1 and 10−4 on medium of choice.
(5) Incubate plates at 28 °C between 24 and 48 h aerobically or anaerobically 
before counting.
3. Bacterial gDNA Extractions from Fish Intestines for 16S rRNA Gene 
Sequencing—The methods described here are for larval zebrafish intestines. The same 
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techniques can be employed for adult intestines, although the elution volumes should be 
increased. The genomic DNA isolated using this protocol can be used for a variety of 
downstream applications including sequencing of 16S rRNA gene amplicons or the whole 
metagenome. Indeed, similar methods have already been successfully used to define the 
membership and structure of bacterial communities in the zebrafish intestine using 16S 
rRNA gene sequencing (Bates et al., 2006; Brugman et al., 2009; Rawls et al., 2004, 2006; 
Roeselers et al., 2011).
Column-based DNA isolation methods (such as Qiagen’s DNeasy columns) are often 
sufficient for isolating bacterial DNA from fish intestines and generally yield the highest 
quality DNA for downstream enzymatic reactions, including PCR. However, these methods 
rely on enzymatic digestion to lyse bacterial cells and may bias the final DNA composition 
toward certain species with membranes and/or cell walls that are more susceptible to 
digestion by these enzymes (Morgan et al., 2010). DNA extraction that includes physical 
disruption of bacterial cells by bead beating appears to be less biased, but tends to yield 
more variable downstream results. The purification method should be determined based on 
the purpose of the experiment. The Qiagen DNeasy blood and tissue kits, with the 
accompanying modification for Gram-positive bacteria, yield consistent 16S rRNA gene 
PCR amplicons from single 7 dpf zebrafish intestines. This is particularly useful if the 
intestines harbor a known community of bacteria. If the aim of the study is to describe an 
unknown community, the bead-beating protocol below may be a more suitable choice.
Materials: 
• 0.1 mm sterile zirconia/silica beads (Biospec Products, cat. no. 11079105z)
• 120 mM sodium phosphate buffer, pH 8.0, filter sterilized
• SDS lysis buffer (10% SDS, 0.5 M Tris–Cl, pH 8.0, 0.1 M NaCl), filter sterilized
• 100 mg/mL lysozyme in sterile PBS. Make fresh each time
• 7.5 M ammonium acetate
• 95% EtOH
• 2 mL sterile screw cap tubes
• Bead beater (Biospec Products, Inc.)
• TE (pH 8.0) or Qiagen buffer EB, filter sterilized
• 1.5 ml sterile tube Isopropanol
(1) Combine in 2-mL screw top tubes:
(a) Fish intestines
(b) 0.5 mL beads
(c) 0.4 mL 120 mM sodium phosphate buffer
(d) 0.2 mL SDS lysis buffer
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(2) Bead beat on high 2 min for adult or 1 min for larval intestines.
(3) Remove supernatant to fresh tube and add lysozyme to 10 mg/mL final 
concentration.
(4) Incubate tubes for 45 min at 37 °C.
(5) Add 2 volumes 7.5 M ammonium acetate to 5 volumes lysis/DNA 
solution.
(6) Centrifuge at 13,000 × g for 5 min to precipitate protein.
(7) Transfer supernatant to new 1.5-mL tube.
(8) Add 0.7 volumes room temperature isopropanol and mix.
(9) Centrifuge at 13,000 × g for 30 min at 4 °C.
(10) Remove supernatant and wash pellet with ice-cold 95% EtOH. (Note: 
Single larval intestines do not generally yield enough DNA to generate a 
visible pellet.)
(11) Centrifuge at 13,000 × g for 5 min.
(12) Carefully remove supernatant from pellet and air dry pellet.
(13) Resuspend DNA pellet in TE (pH 8.0) or Qiagen buffer EB (10 mM Tris–
Cl, pH 8.5).
4. Fluorescent in situ Hybridization for the Detection of Bacteria—Fluorescent in 
situ hybridization (FISH) with short, fluorophore-conjugated oligonucleotide probes 
targeting unique sequences in the bacterial 16S rRNA gene is commonly used to examine 
localization and abundance of known bacteria in a mixed community, such as the intestinal 
microbiota. Several databases exist that curate known probes (probeBase.org) and facilitate 
the design of novel probes (Greengenes, the Ribosomal Database Project, and SILVA). New 
probes must be optimized for specificity and hybridization conditions (particularly the 
percent of formamide). Here we describe a basic FISH protocol that works well on zebrafish 
paraffin sections (Bates et al., 2006).
Materials: 
• 4% Paraformaldehyde (PFA)
• Hybridization buffer:
– 20 mM Tris-HCl, pH 7.4
– 0.9 M NaCl
– 0.1% SDS
– 35% (v/v) formamide
• Probe (short, fluorophore-conjugated oligo-nucleotides resuspended in nuclease 
free water)
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• 70°C heat block or water bath
• Hybridization chambers (Corning #2551)
• 48°C water bath
• PBS, filter sterilized
• PBSt (0.05% Triton X-100 in filter-sterilized PBS)
• Vectashield (Vector labs) or another mounting medium
(1) Fix 7 dpf larval fish in 4% PFA overnight with shaking. Adult fish should 
be gavaged with fixative, the head removed behind the gills and the tail 
removed behind the vent, incisions made on both flanks of the fish above 
the intestine but below and parallel to the spine, and fixed overnight in 
4% PFA with shaking. Section the fish and paraffin fix the sections to 
slides.
(2) Deparaffin slides and rehydrate through decreasing EtOH concentrations 
into sterile ddH2O.
(3) Prewarm 200 μL hybridization buffer per slide at 70 °C.
(4) Dilute probes (final concentration is dependent on type of probe) in 
hybridization buffer and heat to 70 °C for 5 min.
(5) To equilibrate slide, add 200 μL prewarmed hybridization buffer without 
probes to each slide; let sit for 1 min, and then wick off excess with paper 
towel.
(6) Add 150 μL prewarmed, diluted probes to each slide.
(7) Add glass coverslips and place in hybridization chambers with 10 μL 
hybridization buffer in wells.
(8) Incubate at 48 °C overnight in the dark.
(9) Heat sterile PBS in 48 °C water bath.
(10) Remove slides from hybridization chambers and soak in Coplin jars with 
PBS at 48 °C for 10 min, or until coverslips fall off when slides are lifted 
out of Coplin jars.
(11) Rinse twice more, 10 min each, with PBS prewarmed to 48 °C; allow 
second rinse to come to room temperature.
(12) Rinse briefly with PBSt and mount with glycerol-based mounting media 
such as Vectashield.
B. Rearing Germ-Free or Gnotobiotic Zebrafish to 30 dpf
There are several different ways to fertilize eggs for the derivation of germ-free fish, each 
with advantages and disadvantages. Fertilized eggs may be obtained by surgical removal of 
gametes from adults, squeezing the eggs and sperm from the fish, and fertilizing the eggs in 
a sterile Petri dish, or by natural breeding. High success in generating bacteria-free zebrafish 
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is achieved using the in vitro fertilization method. However, surgical removal of the gametes 
is not ideal as the adults must be euthanized, and the process of squeezing the gametes from 
live adult results in a shortened reproductive life and can only be performed every 2 weeks 
due to the stress on the fish. On the other hand, if a limited number of females are available 
for generating eggs, a conventional cross is sufficient and can be performed weekly, but 
usually results in higher contamination rates. Further discussion of these different 
fertilization methods can be found in Pham et al. (2008). Following the fertilization of the 
eggs, the sorting and cleaning of the eggs is the same for both methods, as outlined in Fig. 3. 
The protocol has been optimized to generate the cleanest eggs with the highest survival rate 
and lowest rate of abnormal development.
Zebrafish may be reared for up to 30 days in a sterile environment (Rawls et al., 2006). The 
choice of housing for the fish will depend on the length of the experiment, number of fish 
involved, and equipment available. For experiments with fewer than 300 fish and lasting less 
than 2 weeks, fish may be reared in sterile flasks with changes of EM and feeding occurring 
in a tissue culture hood. For larger experiments (we typically start with up to 1200 fish) and 
longer time commitments (up to 30 dpf), fish should be reared in a gnotobiotic isolator. The 
gnotobiotic isolator requires special equipment and more time to prepare for the experiment, 
but once the equipment is set up, the EM changes and feeding will be less time consuming. 
There is also a reduced risk of contamination in a gnotobiotic isolator, because the reagents 
and fish are maintained in a sterile environment from the start to the end of the experiment. 
Further discussion of gnotobiotic isolator husbandry and associated protocols can be found 
in Pham et al. (2008).
Sterility of the EM and zebrafish can be monitored in many ways. For daily monitoring, EM 
can be spotted onto TSA plates and incubated aerobically overnight at 28 ° C. Many 
microbes cannot be cultured on TSA or may require anaerobic conditions for growth 
resulting in false-negative results; however, we have found that for daily monitoring of 
sterility, this method is sufficient because many common contaminants are aerobic. 
Alternatively, 16S rRNA genes may be amplified from the EM by PCR and run on an 
agarose gel for visualization. PCR may result in false-positives due to amplification of DNA 
from dead organisms or contaminating DNA. For final analysis of the sterility of the water 
and fish at the end of an experiment, a combination of culturing the water in several liquid 
media – including TSA, BHI, or nutrient media – 16S rRNA gene PCR amplification, and in 
situ hybridization with 16S rRNA gene-specific probes is sufficient for determining the 
sterility of the environment.
If experiments are to be carried out to 8 dpf or earlier, zebrafish do not need to be fed. 
However, zebrafish housed for more than 8 dpf will require a food source because the yolk 
will be depleted by then. Zebrafish can be fed dry powder diets sterilized either (i) by 
combining with water to create a slurry that can be sterilized by autoclaving or (ii) by γ-
irradiation. However, in our experience, sterile powder diets are not sufficient to support 
growth and maturation of germ-free zebrafish through metamorphosis (Pham et al., 2008). 
We are therefore currently exploring the possibility of culturing live germ-free paramecia 
and brine shrimp to facilitate growth of germ-free zebrafish through metamorphosis toward 
reproductive maturity.
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1. Derivation of Germ-Free Zebrafish
Materials: 
• Flasks (75 cm2, 200 mL, sterile, with vented screw tops; for smaller, shorter 
experiments; 50 zebrafish per flask) or beakers (200–400 mL, autoclaved with foil 
covers; for use in the gnotobiotic isolator; 50 zebrafish per 50 mL EM in 200-mL 
beakers or 100 zebrafish per 100 mL EM in 400-mL beakers)
• 40 to 50-mL beakers (bleached, rinsed, and autoclaved with foil covers)
• Sterile, individually wrapped pediatric gradient 3.0-mL pipettes
• 25 or 50-mL graduated pipettes, sterile
• Large beaker (1–2 L) to collect waste
• 70% ethanol in spray bottle
• 6% bleach (sodium hyperchlorite solution, Fisher S5290-1, stored at 4 °C)
• 10% PVP-I stock (polyvinylpyrrolidone–iodine 0.01% free iodine; Western 
Chemical, Inc.)
• Filter-sterilized EM
• Clidox-S activator and base (if using a gnotobiotic isolator; Pharmacal Research 
Laboratories, cat. no. 95120F and 96120F)
• Drug stocks (all stored at −20 °C):
– 100 mg/mL ampicillin
– 50 mg/mL kanamycin
– 8 mg/mL amphotericin B
Additional items required for feeding and changing water for sterile fish:
• Sterile food in 1- to 4-mL aliquots
• Filter-sterilized EM (enough to change 70% of water per day)
• 10 μL sterile loops
• TSA plates for plating water
• Beads to spread bacteria on TSA plates, or p20 pipette to plate 10 μL of water
• Ammo-Carb (Aquarium Pharmaceuticals, Inc., PA), rinsed, dried, placed in mesh 
packets or cotton muslin tea bags, and autoclaved
Solutions (Make the Same Day as Use): Antibiotic EM:
• 150 μL ampicillin 100 mg/mL (100 μg/mL final)
• 25 μL kanamycin 50 mg/mL (5 μg/mL final)
• 7.8 μL amphotericin B 8 mg/mL (250 ng/mL final)
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• 250 μL EM
• Filter sterilize with 0.22 μm filter
0.003% bleach solution:
• 125 μL 6.0% bleach solution
• 250 mL EM
• Filter sterilize with 0.22 μm filter
0.1% PVP-I solution (polyvinylpyrrolidone–iodine [0.01% free iodine] Western Chemical, 
Inc.):
• 2.5 mL 10% PVP-I stock (5 g PVP-I in 50 mL nanopure water)
• 247.5 mL EM
• Filter sterilize with 0.22 μm filter
0.4% tricaine (3-aminobenzoic acid ethyl ester):
• 400 mg tricaine
• 97.9 mL H2O
• 2.1 mL Tris 1 M (pH 9.0)
• Adjust to pH 7.0; filter sterilize with 0.22 μm filter
• This can be made ahead of time and stored for long periods at −20 ° C or for up to 
2 weeks at 4 °C
(1) Collect embryos in antibiotic EM.
(2) Incubate embryos at 28–30 °C between 4 and 6 h.
(3) Collect viable embryos in 50 mL antibiotic EM in beakers.
(a) For embryos grown at 30 °C, collect embryos at about 5 hours 
postferti-lization (hpf); for embryos kept at 28 °C, wait until 6–7 hpf.
(b) Wear gloves.
(c) Transfer up to 300 embryos in 50% epiboly, germ ring or shield stage 
into sterile, autoclaved 50-mL beaker containing ~40 mL filter-
sterilized EM.
(4) Clean the following with 70% ethanol; transfer into the hood and UV treat for 
up to 10 min (per 300 embryos cleaned):
(a) 3 sterile 50-mL beakers with foil tops
(b) Individually wrapped, sterile transfer pipettes
(c) 1 L filter-sterilized EM
(d) 0.003% bleach
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(f) Sterile flasks – 75 cm2 with vented screw topped caps (in hood, add 48 
mL sterile EM to each flask prior to adding embryos)
(g) 15 or 50 mL pipettes, sterile, individually wrapped
(h) Pipette aid
(i) Large 1- to 2-L beaker for collecting waste
(5) Transfer embryos to clean beaker.
(a) Pour off all but ~ 10 mL EM into waste container.
(b) Transfer remaining 10 mL EM with eggs into clean 50-mL beaker.
(c) Add ~20 mL sterile EM to first beaker to get remaining eggs.
(d) Transfer remaining eggs to beaker.
(e) Bring volume in second beaker up to 50 mL with sterile EM.
(6) Rinse embryos 3 × with 50 mL filter-sterilized EM.
(7) Immerse embryos in ~50 mL 0.1% PVP-I solution for exactly 2 min.
(8) Rinse embryos with sterile EM 1 ×.
(9) Transfer embryos to fresh beaker as in step 5.
(10) Rinse embryos in sterile EM an additional 2×.
(11) Immerse embryos in 0.003% bleach for 10 min. Do not bleach more than 30 min 
as this will result in embryo mortality.
(12) Rinse embryos in sterile EM 1 ×.
(13) Transfer embryos to fresh beaker as in step 5.
(14) Rinse embryos additional 2× in sterile EM (if using gnotobiotic isolator, transfer 
embryos to sterile 15-mL conical tube and clean outside of tube with Clidox for 
at least 20 min).
(15) Transfer 40–50 embryos to flasks containing sterile EM using sterile, 
individually wrapped pipettes (gnotobiotic isolator: transfer embryos to beakers 
containing sterile EM).
(16) Incubate embryos at 28.5 °C.
(17) Feed fish if maintained longer than 8 dpf, starting at 4 dpf.
(18) Feeding: spray the following with 70% EtOH and place into a sterile hood 
(gnotobiotic isolator should already contain these items):
(a) Large flask for liquid waste
(b) 10 to 25- and 1- to 50-mL pipettes, sterile and individually wrapped
(c) 1 L filter-sterilized EM
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(d) Sterile 10-μL loops
(e) Aliquot of sterile food
(19) Use a 25-mL pipette to remove 70% of the EM and most of the debris from the 
flask, including any dead zebrafish, undeveloped eggs, and empty chorions.
(20) Plate 10–100 μL of flask EM on TSA; incubate plate at 28.5 °C to screen for 
contaminants.
(21) Replace the EM with an equal volume of filter-sterilized EM.
(22) Place a loop full of food into the flask.
(23) Return flasks to 28.5 °C.
(24) At 5 dpf, add rinsed, autoclaved ammo-carb packets or cotton muslin tea bags to 
flasks or beakers during water change and feeding:
(a) Rinse ammo-carb with distilled water until water is clear.
(b) Dry rinse ammo-carb in fume hood overnight.
(c) Place about 5 g ammo-carb into mesh packets (should fit through neck 
of 75-cm2 flask; for beakers use cotton muslin tea bags) and seal.
(d) Autoclave ammo-carb packets in aluminum foil.
(e) Store at room temperature.
(f) When changing water and feeding on 5 dpf, remove sterile ammo-carb 
packet from foil and gently place into flask.
2. Bacterial Association of Germ-Free Zebrafish—At 3 dpf, the anterior alimentary 
tract is patent and the intestine may be colonized by bacteria from the medium. The bacterial 
inoculums should be determined empirically for each species used. For many bacteria, 104 
CFU/mL EM suffices for full colonization of the intestine and minimal toxicity to the fish. 
Prior to inoculation of the EM with bacteria, dead larvae in the flask should be removed as 
this will often result in increased bacterial growth, which can ultimately be fatal to the 
remaining larvae. The method below is used for several Proteobacteria strains in our 
laboratory. Please note that any experiments involving exposure of zebrafish to commensal 
microorganisms must be approved in advance by the appropriate Institutional Animal Care 
and Use Committee. Materials:
• Spectrophotometer, 600 nm
• 75cm2 flask
• Tryptic Soy Agar (TSA) plates
(1) Incubate bacteria for 16 h in 50 mL of growth medium in 250-mL flask at 28–30 
°C, 200 rpm.
(2) Measure the optical density at 600 nm (OD600) of the culture.
(3) Calculate the original culture density, assuming 1 OD600 = 109 CFU/mL.
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(4) Dilute culture to predetermined concentration as needed in filter-sterilized EM 
and inoculate flask in tissue culture hood.
(5) Plate dilutions of the original bacterial culture in order to verify the CFU/mL of 
the inoculum.
C. Infection of Zebrafish with Pathogens
1. Infections of Embryos and Larvae by Static Immersion with Bacterial 
Pathogens—The factors discussed above should be taken into account when designing the 
parameters for infection of zebrafish with a bacterial pathogen. For example, as we 
developed the E. tarda infection model, we considered the fact that E. tarda is a fish 
pathogen and likely could be used in a static immersion infection. Interestingly, E. tarda and 
the related pathogen Edwardsiella ictaluri were recently found to be members of the normal 
intestinal microbiota in wild yellow catfish and wild-caught zebrafish, respectively 
(Roeselers et al., 2011). The following section outlines the protocols for infecting zebrafish 
embryos by immersion using E. tarda as an example (Pressley et al., 2005). Please note that 
any experiments involving exposure or infection of zebrafish to pathogenic microorganisms 




• 1.5 ml tubes
• Cuvettes for 600nm readings
• Dumont watchmaker forceps #5
• 35 × 10 mm disposable polystyrene Petri dishes (USA Scientific, no. 5662-7161)
• Extra deep 100 × 20 mm polystyrene Petri dishes (Fisher Scientific, no. 
08-757-11Z)
• Transfer pipettes
• 0.5% methylene blue
• Spectrophotometer
• 15 ml conical tubes
• Cuvettes
• Dumont Watchmaker’s forceps no. 5
Solutions: 
• Egg water:
– 60 mg Instant Ocean® sea salts
– Bring to 1 L with dH2O
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– Prewarm to 28 °C
• E. ictaluri medium (EIM, described by Shotts and Waltman, 1990):
– 40 g/L TSA
– 10 g/L yeast extract
– 0.03 g/L Bromthymol Blue
– 1.0 g/L bile salts and 3.5 g/L mannitol
– 1.0 mg/L colistin B
– Bring to 1 L with ddH2O; autoclave to sterilize
• Luria broth:
– 10 g/L casein peptone
– 5 g/L yeast extract
– 5 g/L NaCl
– Bring to 1 L with ddH2O; autoclave to sterilize
(1) Prepare bacterial culture:
(a) Streak E. tarda from a freezer stock on an EIM plate. Incubate at 28 
°C overnight.
(b) Twelve hours prior to infection, prepare two cultures of E. tarda in 
Luria broth by aseptically picking a colony from an EIM agar plate 
and inoculating 4 mL LB in a 15-mL conical tube.
(c) Shake cultures overnight (12 h) at 250 rpm in a 28 °C incubator.
(2) Prepare and quantify the bacterial culture for infection:
(a) Subculture E. tarda by adding 1 mL of the overnight culture into 3 mL 
of fresh media.
(b) Measure the OD600 of the subculture after 1–1.5 h by diluting the 
culture 1:10 (100 μL into 0.9 mL PBS), transferring the dilution to a 
cuvette and measuring the OD600 in a spectrophotometer.
(c) Dilute the bacterial cultures with sterile egg water in a final volume of 
2 mL.
(3) Collect embryos:
(a) Separate embryos into no more than 100 per dish.
(b) Remove most of the water from the dish using a transfer pipette.
(c) Add 60 mL of egg water to each dish and supplement with 20 μL of 
0.5% methylene blue on the first day only, as methylene blue may 
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inhibit infection with pathogen. Add 60 mL of egg water every day 
following.
(4) Prepare embryos for infection:
(a) Remove most of the water and dead embryos with a transfer pipette 
and add 60 mL of fresh egg water (with no methylene blue) to each 
dish.
(b) Manually dechorionate all embryos with Dumont Watchmaker’s 
forceps no. 5 in each dish and move the embryos into new dishes, 
approximately 100 per dish, with 60 mL of fresh egg water.
(5) Infect 24 hpf embryos by immersion:
(a) Transfer the manually dechorionated 24 hpf embryos to a 35-mm Petri 
dish and remove as much of the egg water as possible.
(b) Add the egg water containing the bacterial culture at the appropriate 
concentration to the dish of embryos.
(c) Incubate the embryos in the bacterial suspension for 5 h at 28 °C.
(d) After 5 h, carefully transfer the embryos to a wash dish containing 60 
mL of sterile egg water.
(e) Carefully transfer all the embryos from this dish into a new dish of 
fresh egg water and hold at 28 °C.
(f) Dishes of embryos should be monitored daily, dead embryos removed, 
and fresh egg water added.
2. Infections of Embryos and Larva by Injection with Bacterial or Viral 
Pathogens—In contrast to the natural fish pathogen E. tarda, P. aeruginosa, a ubiquitous 
microbe that is isolated in fresh water environments, is not likely to cause infection in an 
aquatic species through immersion unless the host is immune-compromised. We found that 
it was necessary to inject P. aeruginosa to establish infection. The following protocol 
outlines the methods for infecting zebrafish embryos by microinjection using P. aeruginosa 
as an example (Phennicie et al., 2010). A similar injection technique is used when infecting 
embryos or larva with virus. Preparation of virus should be carried out as outlined in sectino 
3.
Materials: 
• Extra deep 100 × 20 mm polystyrene Petri dishes (Fisher Scientific, no. 
08-757-11Z)
• 100 × 15 mm disposable polystyrene Petri dishes (Fisher Scientific, no. 08-757-13) 
that have been filled half with 3% agarose in deionized water
• 1 × 0.01 mm stage micrometer for droplet calibration (Fisher, cat. no. 12-561-SM1)
• Halocarbon oil, series 27 (Sigma, cat. no. H8773)
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• MPPI-2 pressure injection system (Applied Scientific Instrumentation, Eugene, 
OR) mounted on an Olympus SZ61 stereo microscope
• Microinjection needles drawn from 1.2 mm OD, 0.69 mm ID borosilicate glass 
micropipette tubes (Sutter, no. BF120-69-10) using a P97 Flaming/Brown 
micropipette puller (Sutter, no. P97) or similar equipment
• Dumont Watchmaker’s forcep no.5




– 60 mg Instant Ocean® sea salts
– Bring to 1 L with dH2O
– Autoclave
– Prewarm to 28 °C
• Luria broth:
– 10 g/L casein peptone
– 5 g/L yeast extract
– 5 g/L NaCl
– Bring to 1 L with ddH2O; autoclave to sterilize
• Tricaine (Western Chemical, Inc.) at 200 μg/mL in sterile egg water. Note: 
Extended periods of time in the tricaine solution should be avoided. A stock 
solution of 4 mg/mL tricaine in Tris-buffered egg water can be prepared in advance 
and stored at −20 °C for about a month
• Cetrimide agar (Neogen, no. 7222A)
(1) Embryo collection:
(a) Separate embryos into no more than 100 per dish.
(b) Remove most of the water from the dish using a transfer pipette.
(c) Add 60 mL of egg water to each dish and supplement with 20 μL of 
0.5% methylene blue.
(d) Remove dead embryos from each dish and place viable embryos in 60 
mL of fresh egg water every 24 h.
(2) Prepare bacterial culture:
(a) Prepare an isolation streak of P. aeruginosa from a freezer stock on a 
cetrimide agar plate. Place the plate in a 37 °C incubator overnight.
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(b) Twelve hours prior to infection, prepare two cultures of P. aeruginosa 
in Luria broth by aseptically picking a colony from a cetrimide agar 
plate and inoculate 5 mL of Luria broth in a 20-mL test tube. Shake 
overnight at 250 rpm in a 37 °C incubator.
(c) Wash the overnight culture twice by centrifuging at 4000 rpm for 15 
min at 4 °C and resuspend in 5 mL of PBS.
(d) Determine the relationship between OD600 and viable cell density in 
the growing culture. Use OD600 to determine the bacterial cell density.
(e) Dilute washed culture in PBS to the desired inoculum size.
(3) Prepare zebrafish embryos for injection:
(a) Manually dechorionate all fish using Dumont Watchmaker’s forceps 
no. 5.
(b) Remove dead fish and most of the egg water with transfer pipette and 
add 60 mL of fresh egg water to each dish.
(c) Thaw a frozen 2-mL aliquot of the 4 mg/mL tricaine stock solution.
(4) Infect 48 hpf zebrafish embryos by microinjection:
(a) Load the culture dilution into the needle and clip the end of the 
microinjection needle so that the droplet is equal to 5 nL.
i. Clean the calibration micrometer ruler slide with ethanol and on 
it place a single drop of halocarbon oil.
ii. Inject a single droplet of liquid into the oil and measure the 
diameter of the spherical droplet.
iii. Adjust the injection volume accordingly.
(b) Prepare 45 mL of egg water with 2 mL of tricaine to a final 
concentration of 200 μg/mL and move the embryos for injection into 
this dish for no more than 5 min.
(c) Transfer the embryos from the tricaine to the surface of a Petri dish 
that has been filled half with 3% agarose (this provides a semisolid 
substrate to align the sedated embryos), leaving as little water on the 
surface of the agarose as possible and aligning the fish in the same 
direction on the plate.
(d) Inject 5 nL of the bacterial suspension into the duct of Cuvier of each 
embryo as shown in Fig. 1.
(e) Carefully rinse and transfer the embryos from the injection plate into a 
new dish containing 60 mL of fresh egg water and maintain the 
embryos at 28 °C.
(f) Dishes of embryos should be monitored daily, dead embryos removed, 
and fresh egg water added.
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3. Infections of Embryos and Larva by Static Immersion with Viral Pathogens
—The following section outlines the protocols for infecting zebrafish embryos by 
immersion, using snakehead rhabdovirus as an example (Phelan et al., 2005b). The titer of 
the virus should be determined and a range of doses tested. Factors to consider include the 
infectious dose that will cause 50% mortality and whether or not infection is dose 
dependent.
Materials: 
• 100 × 20 and 35 × 10 mm Petri dishes
• Dumont Watchmaker’s forceps no. 5
• Transfer pipettes
• Egg water:
– 60 mg Instant Ocean® sea salts
– Bring to 1 L with dH2O
– Autoclave and prewarm to 28 ° C
– Perosan (1.5 mL/L)
• PBS
• Perosan (1.5 mL/L).
Methods: 
(1) Embryo collection:
(a) Separate embryos into no more than 100 per 100 × 20 mm Petri dish.
(b) Remove most of the water from the dish using a transfer pipette.
(c) Add 60 mL of egg water to each dish.
(d) At 4–6 hpf, disinfect embryos by rinsing in Perosan (1.5 mL/L) for 1 
min.
(2) Prepare embryos for infection:
(a) Remove most of the water and dead embryos with a transfer pipette 
and add 60 mL of fresh egg water to each dish.
(b) At 3 dpf, manually dechorionate all embryos using Dumont 
Watchmaker’s forceps no. 5 and transfer the embryos into new dishes, 
approximately 100 per dish, with 60 mL of fresh egg water.
(3) Infect 3 dpf embryos by static immersion:
(a) Transfer the manually dechorionated 3 dpf embryos to a 35 × 10 mm 
Petri dish and remove as much of the egg water as possible.
Milligan-Myhre et al. Page 21













(b) Expose the embryos to 106 TCID50 of SHRV/mL in 3 mL of egg 
water. Control embryos should be exposed to an equal volume of PBS 
in 3 mL of egg water.
(c) Immerse the embryos for 5 h at 28 °C.
(d) After 5 h, carefully transfer the embryos to a wash dish containing 60 
mL of sterile egg water.
(e) Carefully transfer all of the embryos from this dish into a new dish of 
fresh egg water and hold at 28 °C.
(f) Dishes of embryos should be monitored daily, dead embryos removed, 
and fresh egg water added.
4. Infections of Adults by Intraperitoneal Injection with Viral or Bacterial 
Pathogens—The following section outlines the protocols for infecting zebrafish adults by 
intraperitoneal injection using snakehead rhabdovirus as an example (Phelan et al., 2005b). 
The injection technique is similar when infecting adults with bacteria that have been 
prepared as outlined above.
An alternative method for infecting adult zebrafish involves abrading the skin of the fish and 
infecting by static immersion (Nayak et al., 2007; Neely et al., 2002; Phelan et al., 2005b; 
Pressley et al., 2005). In nature, fish are often rendered more susceptible to infection under 
crowded conditions, for instance, during spawning, when fish rub and bump into one 
another repeatedly. Minor injuries and surface abrasion provide entryways for pathogens to 
penetrate and infect the host. In the laboratory, a hypodermic needle can be used to scrape 
and remove a small area of scales and skin from the zebrafish. The host can then be exposed 
to pathogen by static immersion as described above.
Materials: 
• Repeating pipetter
• 0.5-mL syringe tip (VWR, no. 80085-980)
• 30-gauge needles
• Small strips of Parafilm to attach needle to syringe tip
• Nets
• 500 mL beaker/tub for anesthetization
• PBS
• Tricaine (0.4 mg/100 mL)
Methods: 
(1) Prepare adults for infection:
(a) All adult fish (>3 months old) used in infection experiments should be 
placed in an isolated flow-through system, maintained at 28 °C with a 
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flow rate of 150 L/min, and acclimated for several days before 
infection.
(b) Prepare anesthetization solution by adding 20 mL of Tricaine to 480 
mL of system water. Anesthetize as many fish as can be injected in 5 
min. Ensure the fish have stopped gill movements before injection to 
ensure adequate anesthesia.
(2) Infect adult zebrafish by intraperitoneal injection:
(a) Virus or bacterial dilutions should be prepared in PBS. Control 
uninfected fish should be injected with PBS alone, and should be 
injected before preparing the virus to prevent any virus contamination.
(b) Install a 0.5-mL syringe tip onto the repeating pipettor. Place a 30-
gauge needle on the tip of the 0.5-mL syringe tip and hold in place by 
wrapping Parafilm around the base of the needle and end of the 
syringe tip.
(c) Place the fish in a supine position. With the needle parallel to the 
spine, insert it into the midline of the abdomen just posterior to the 
pectoral fins pointing to the anterior section of the fish. The needle 
should penetrate only 1–2 mm.
(d) Inject 10 μL into each fish. Place injected fish into a tank of system 
water and allow them to recuperate before placing back into the flow-
through system.
(e) Fish should be monitored and fed daily.
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Microinjection sites of zebrafish embryos. Three methods are commonly used for 
microinjection of pathogens into zebrafish embryos. The figure demonstrates microinjection 
into the (a) hindbrain ventricle (HBV), (b) duct of Cuvier (DC), and (c) tail artery of a 48 
hpf zebrafish embryo.
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Dissection of zebrafish larval intestine. (a) Lateral view of 7 dpf larvae indicating initial 
(arrowheads) and subsequent (arrows) placement of pins for intestine dissection. (b) Seven 
dpf dissected intestine illustrating anatomical structures that are often pulled out with the 
intestine and are generally removed prior to analysis. The arrowhead indicates the 
esophageal–intestinal junction; sb, swim bladder; pc, pharyngeal cartilage; pf, pectoral fin; l, 
liver. (For color version of this figure, the reader is referred to the web version of this book.)
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Timeline for generation and maintenance of germ-free zebrafish.
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Table II
Germ-free traits shared between zebrafish and rodents
Germ-free trait Zebrafish Rodents
Reduced cell proliferation
 (as measured by incorporation of
 nucleotide analogues)
Cheesman et al. (2011),
Rawls et al. (2004, 2006)
Savage et al. (1981)
Reduced numbers of goblet cells Bates et al. (2006) Kandori et al. (1996)
Altered expression of genes
 involved in metabolism (e.g.,
 fasting-induced adipose factor)
Kanther et al. (2011),
Rawls et al. (2004, 2006)
Hooper et al. (2001)
Reduced expression of genes
 involved in innate immunity
 (e.g., serum amyloid A1)
Kanther et al. (2011),
Rawls et al. (2004, 2006)
Hooper et al. (2001)
Reduced numbers of intestinal
 associated immune cells
Bates et al. (2007)
 (fewer intestinal neutrophils)
Bouskra et al. (2008),
Cebra et al. (1998)
 (fewer lamina propria cells
 and lymphoid follicles)
Differences in glycan expression Bates et al. (2006) Bry et al. (1996)
Altered gut motility Bates et al. (2006)
 (increased in germ-free)
Husebye et al. (1994)
 (decreased in germ-free)
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